[1] We examine the variability of Asian pollution outflow to the western Pacific and its associated long-range transport to the northeast (NE) Pacific between 1992 and 2002, using a global simulation of carbon monoxide (CO). We develop three new sea-level pressure indices, which capture variations in transpacific transport on daily to interannual timescales. Our first index, LRT1 (standardized daily pressure anomalies in NE China), is related to the passage of mid-latitude cyclones in East Asia and captures 14-22% of the variability in the outflow of Asian pollution to the western Pacific. A second index, LRT2 (standardized daily pressure anomalies North of Hawaii), captures 25-32% of the variability in transpacific transport during winter-spring. Enhanced transpacific transport is characterized by a strong Pacific High displaced to the west of 140°W and a strong low over Alaska, resulting in strong zonal winds in the NE Pacific. The last index, LRT3 (based on monthly SLP anomalies over the North Pacific), identifies stronger than normal Pacific High and Aleutian Low pressure systems, which together result in unimpeded transport across the Pacific during winter and spring. LRT3 captures 42% and 55% of the monthly and interannual variance in transpacific transport, respectively. We find that 1992-1996 and 2002 were below-average transpacific transport years, while 1998-2000 had unusually strong transpacific transport. By extending our LRT3 time series back to 1948, we find that the strength of transpacific transport projects strongly upon the Pacific/North American (PNA) index, the leading mode of month-to-month variability over the Pacific. There appears to be decadal variability in LRT3, with below-average transpacific transport for 1948-1976 and above-average transport since 1977.
Introduction
[2] Intercontinental transport of pollution has received increasing attention over the past decade, because of the recognition of its potential impact on the air quality of downwind continents [NRC, 2001; Holloway et al., 2003, and references therein] . Transpacific transport is of particular interest because the projected increase in Asian anthropogenic emissions over the coming decades might offset the benefits from domestic regulations in emissions in the United States [Jacob et al., 1999; Park et al., 2005] . Transpacific transport of trace gases and particles from Asia to North America has now been observed numerous times from ground-based stations [Parrish et al., 1992; Jaffe et al., 1999; Weiss-Penzias et al., 2004] , aircraft [Andreae et al., 1988; Kritz et al., 1990; Kotchenruther et al., 2001; Price et al., 2003; Nowak et al., 2004; Brock et al., 2004] and satellites [Husar et al., 2001; Heald et al., 2003; Hudman et al., 2004] .
[3] Mid-latitude cyclones appear to be the main mechanism for exporting pollution from the Asian boundary layer into the free troposphere over the western Pacific [Kaneyasu et al., 2000; Yienger et al., 2000; Bey et al., 2001b] . These cyclones mediate Asian export through transport in warm conveyor belts (WCBs) to the free troposphere [Stohl, 2001; Liu et al., 2003; Miyazaki et al., 2003; Mari et al., 2004] , and in the boundary layer behind or ahead of the surface cold fronts [Carmichael et al., 1998 [Carmichael et al., , 2003 Liu et al., 2003; Liang et al., 2004] . Convection [Folkins et al., 1997; Newell et al., 1996; Bey et al., 2001b] and orographic lifting [Hannan et al., 2003; Liu et al., 2003] have also been shown to influence Asian outflow.
[4] Once over the western Pacific, Asian pollution can be rapidly transported in strong westerly winds. Very few synoptic systems can be tracked across the entire width of the Pacific [Hoskins and Hodges, 2002] , and thus transpacific transport often involves several mid-latitude cyclones and their WCBs [Cooper et al., 2004a] . Inflow mechanisms of Asian pollution in the northeast (NE) Pacific include advection (in the free troposphere and boundary layer), slow subsidence associated with the Pacific High [Heald et al., 2003; Cooper et al., 2004a] , more rapid subsidence in the dry air stream of mid-latitude cyclones [Jaeglé et al., 2003; Cooper et al., 2004b] , and downward mixing through mountain waves [McKendry et al., 2001 ].
[5] Long-range transport mechanisms are thus complex, with the relative importance of each mechanism varying with season. However, in a systematic study of long-range transport events reaching the NE Pacific over a 1-year time period, we found that 80% of the export over East Asia is mediated by mid-latitude cyclones, and 75% of the import into the lower troposphere of the eastern Pacific is by boundary layer transport .
[6] In this study, we use a 10-year carbon monoxide (CO) simulation performed with the GEOS-CHEM global model of tropospheric chemistry [Bey et al., 2001a] to investigate the meteorological conditions controlling the variability in Asian outflow and its transpacific transport. We choose CO as a marker of transpacific transport, through a sourcespecific Asian CO tracer, because of its large anthropogenic source and long lifetime ($2 months).
[7] Our goal is to identify simple long-range transport indices that reproduce the variations of transpacific transport on daily to interannual timescales. We will relate these empirically determined transport indices to two classical indices that capture most of the variance of climate variability over the Pacific sector: the Pacific/ North American (PNA) index [Wallace and Gutzler, 1981] , and the Southern Oscillation (SO) index [Troup, 1965; Trenberth, 1984] . Our long-range transport indices are defined on the basis of correlation analyses between the GEOS-CHEM modeled Asian CO tracer and sea-level pressure (SLP). We investigate the meteorological patterns driving these variations through composite analyses based on these SLP indices. The skill of our indices in reproducing the patterns of variability in transpacific transport is tested by comparisons to surface observations of CO. Section 2 describes the model and observations used in this study. In section 3 we develop indices for daily variability in Asian outflow and transpacific transport. Section 4 examines the monthly and interannual variability in transpacific transport. Conclusions are presented in section 5.
Model and Observations
[8] We use the GEOS-CHEM global tropospheric chemistry model [Bey et al., 2001a] , version 5.03 (http://www. as.harvard.edu/chemistry/trop/geos), driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAO).
[9] Our 10-year (1992 -2002) simulation period includes three versions of reanalyses: GEOS-1 (1992 GEOS-1 ( -1995 , GEOS-STRAT (1996 and GEOS-3 (1998 GEOS-3 ( -2002 , with a one-year gap in 1999. These meteorological fields have a horizontal resolution of 2°latitude by 2.5°longitude (1°Â 1°for GEOS-3) and 20, 46, and 48 vertical levels for GEOS-1, GEOS-STRAT and GEOS-3, respectively. For computational efficiency, we degrade the vertical resolution to 26 layers for GEOS-STRAT and 30 layers for GEOS-3 by merging the vertical layers above the lower stratosphere, and regrid the GEOS-3 fields to 2°Â 2.5°. The surface and upper level meteorological variables have a temporal resolution of 3 and 6 hours, respectively. We do not expect large-scale flow, which is the focus of this work, to be affected by the use of these different reanalysis.
[10] In our correlation analysis we use SLP from the NOAA NCEP/NCAR reanalysis [Kalnay et al., 1996] (with a 2.5°Â 2.5°resolution) because of its easy accessibility and longer temporal record, but we verified that there are no significant differences in SLP between the NCEP/NCAR and GEOS datasets.
[11] We conduct a CO-only simulation, following the approach previously presented by Bey et al. [2001b] and Liu et al. [2003] . Fossil fuel emissions (B. N. Duncan et al., manuscript in preparation 2005) are scaled to 1998 as described in Bey et al. [2001a] . Biofuel emissions are from Yevich and Logan [2003] . Monthly varying biomass burning emissions are from the climatological inventory of Duncan et al. [2003] . Loss of CO by reaction with OH is calculated using archived monthly OH fields from a full chemistry simulation. The same emissions inventory and monthly OH fields are used for each year of our simulation, in order to examine the year-to-year variability of transpacific transport solely due to changes in meteorology. For this study we focus on an anthropogenic CO tracer tracking fossil fuel and biofuel emissions from Asia (defined as the 66°-146°E, 9°S-90°N region).
[12] The model reproduces surface, aircraft and satellite CO observations with their associated seasonal and interannual variability around the globe with only small bias [Li et al., 2002; Heald et al., 2003; Duncan and Bey, 2004; B. N. Duncan et al., manuscript in preparation, 2005] . Of direct relevance to our study, the model successfully captures observations of Asian outflow [Bey et al., 2001b; Liu et al., 2003; Palmer et al., 2003] and its transpacific transport to the NE Pacific [Jaeglé et al., 2003; Heald et al., 2003; Bertschi et al., 2004; Liang et al., 2004; Hudman et al., 2004; Weiss-Penzias et al., 2004] .
[13] Multiple years of continuous surface CO observations are available at three remote sites operated by the Japanese Meteorological Agency along the Asian Pacific Rim. The locations of the three sites, Ryori (RYO, 39.2°N, 141.5°E, 230 m) [Yoshida, 2002] , Yonagunijima (YON, 24.3°N, 123.1°E, 30 m) [Yamamoto et al., 2002] and Minamitorishima (MNM, 24.2°N, 153.6°E, 8 m) [Tsutsumi, 2002] , are shown in Figure 1 . Variations in CO concentrations at these stations are dominated by Asian outflow episodes, in particular at RYO from spring to summer, at YON from fall to spring and at MNM from winter to spring .
Meteorological Indices for Daily Variability

Asian Pollution Outflow to the Western Pacific
[14] To understand the factors controlling the variability in outflow of Asian pollution to the western Pacific, we first define a metric for this outflow. Maximum export to the western Pacific occurs in the 20°-50°N latitude belt during spring [Bey et al., 2001b; Liu et al., 2003 ], shifting to 30°-60°N during summer , under the influence of the Asian monsoon. Hence, we form a 10-year time series of daily Asian anthropogenic CO columns (surface to 8 km) at 150°E averaged within the 30-60°N latitude band (red line in Figure 1) . We exclude the 20-30°N latitude band because, during summer and fall, the westward transport within this band offsets eastward transport at higher latitudes. We limit our analysis to the 0 -8 km columns because most of the export by mid-latitude cyclones is in this region, while higher altitudes are influenced by deep convection, especially during spring and summer [Liu et al., 2003; Liang et al., 2004] .
[15] Figure 2 (top panel) shows the resulting Asian anthropogenic CO time series for 1993. Its marked seasonality is driven by changes in the levels of the hydroxyl radical. These seasonal variations are removed by applying a 60-day high-pass filter, and we calculate a standardized 'Asian outflow time series' as the percentage change relative to the low-pass time series (Figure 2 , bottom panel):
where W is the daily Asian anthropogenic CO column averaged between 30-60°N at 150°E. Asian outflow is highly variable with peak-to-peak variations of 40-60% throughout the year. Outflow events occur most frequently during winter-spring.
[16] We now relate our Asian outflow time series to large-scale variations in circulation, as expressed by sealevel pressure. Figure 1 shows the correlation map between Asian outflow and sea-level pressure anomalies (calculated by removing seasonal variations with a 60-day high-pass filter). Each grid-point displays the correlation coefficient between the Asian outflow time series and the local pressure anomaly 2 days earlier, over the 1992 -2002 period (n = 3439 days). The 2-day lag was selected in order to obtain the highest correlations. This lag is consistent with an average transport time of 48 hours between NE China and our wall at 150°E. The map shows a pattern of negative correlations (r = À0.3 to À0.35) centered over NE China at 45°N and weaker positive correlations located over the western Pacific at 25°N. This spatial pattern is statistically significant and persistent for individual seasons and years.
[17] Figure 1 indicates that anomalously low SLP over East Asia leads to enhanced Asian outflow. This robust pattern shows that baroclinic waves associated with midlatitude cyclones are the dominant synoptic scale influence on export of Asian pollution, consistent with previous work described in the Introduction. The anti-correlation between CO concentrations at stations along the Asian Pacific Rim and local sea-level pressure has been noted before [Bey et al., 2001b; Liu et al., 2003] . We find here a more general relationship by identifying a preferred region of variability on synoptic timescales in NE China. This area is on the lee of the Altai-Sayan mountains in Mongolia and southern Siberia, the major cyclogenesis region over Asia [Chung et al., 1976; Chen et al., 1991] , and thus lies directly in the storm track.
[18] We form a meteorological index, LRT1 (Long-Range Transport index 1), based on SLP anomalies averaged within the region of strongest negative correlation (124°-136°E, 39°-56°N, black box in Figure 1 ), standardized by its standard deviation: where n (n = 35) is the number of grid points in the above region, DP i represents the local SLP anomalies, and s is the standard deviation of the numerator.
[19] Figure 3 shows a composite analysis of SLP and 850 hPa wind distribution for strongly positive (LRT1 + , defined as LRT1 > +1) and negative polarities (LRT1 À , defined as LRT1 < À1) of LRT1. During spring, enhanced Asian export (LRT1 + ) corresponds to a low-pressure system centered in NE China and Northern Japan, with a strong westerly flow sweeping across the high emission regions of northern China. Reduced Asian export (LRT1 À ) occurs when a weaker low-pressure system is located to the east of the Kamchatka peninsula ($170°E), with outflow from high latitudes in Siberia devoid of anthropogenic emissions. Other seasons highlight similar contrasts in outflow between positive and negative polarities of LRT1, with small variations in the location and intensity of the major pressure systems (Figure 3) .
[20] Figure 2 (bottom panel) shows the LRT1 and Asian outflow time series for 1993. The two time series display a strong correlation throughout the year (r = 0.44, 0.72, 0.60, 0.43 for winter, spring, summer, and fall, respectively). Table 1 summarizes the seasonal correlation coefficients for all years. With the exception of a few seasons, all the correlations are significant at the 99% confidence level. LRT1 captures 14-22% of the variance in Asian outflow (r = 0.38 to 0.47 for the seasonal 1992 -2002 totals), reflecting the major role of mid-latitude cyclones. Table 1 illustrates the large interannual variability in the degree of correlation, which is driven by long-term changes in circulation: the fraction of the variance explained by LRT1 ranges as high as 36-65% for individual seasons and years. The unexplained variance in Asian outflow is likely due to local and smaller scale features associated with the highly variable strengths and origins of airstreams of mid-latitude cyclones [e.g., Mari et al., 2004; Stohl and Trickl, 1999; Hannan et al., 2003] .
[21] We test the ability of LRT1 to capture Asian outflow by comparing it with multi-year CO observations along the Asian Pacific Rim (section 2.2). Observed CO anomalies at RYO are correlated with LRT1, with the best correlation in spring (r = 0.45, 99% significance level, Table 1 ) and lower correlations for other seasons (r = 0.23-0.29). This implies, as expected, that the cyclones influencing RYO are formed in the lee of the Altai-Sayan mountains. For YON and MNM, observed springtime CO anomalies do not exhibit any significant correlation with LRT1 (MNM, r = 0.07; YON, r = 0.12), consistent with the spatial distribution of correlations on Figure 1 . Asian outflow at these southern stations (located near 25°N) is controlled by cyclones formed over the East China Sea and the Sea of Japan, a secondary cyclogenesis region in East Asia [Chen et al., 1991] .
Transpacific Transport to the NE Pacific
[22] We now apply the approach discussed in section 3.1 to examine the factors controlling synoptic variability in transpacific transport. We form a 'daily transpacific transport' time series by using standardized daily Asian anthropogenic CO column (0 -8 km) anomalies at 125°W averaged within the 20-60°N latitude band (red line in Figure 4 ). This latitude band captures most of the longrange transport episodes reaching the NE Pacific [Yienger et al., 2000; Liang et al., 2004] . The correlation map between the transpacific transport time series and local SLP anomalies ( Figure 4 ) identifies a center of positive correlation north of Hawaii at 30°N, 150°W (r = 0.38), and a weaker center of negative correlation over Alaska (r = À0.26). Enhanced transpacific transport is thus characterized by above-normal SLP over the NE Pacific and below-normal SLP over Alaska.
[23] We form a second index, LRT2, using standardized SLP anomalies averaged within the area of highest positive correlation (136-161°W, 21 -36°N, black box defined in Figure 5 , n = 60): Composite springtime SLP and 850 hPa wind distribution for LRT2 + highlights that a strong Pacific High displaced to the west of 140°W favors transpacific transport of Asian pollution ( Figure 5 ). The resulting large meridional pressure gradient is indicative of strong westerly winds in the eastern Pacific. During LRT2 À , the Aleutian Low extends southwestward of its normal position and is accompanied by a weak Pacific High confined to the east of 140°W. The resulting flow across the Pacific is weak and curves cyclonically around the southern branch of the Aleutian Low towards Alaska.
[24] Figure 6 shows that there is a strong correlation between the LRT2 and transpacific transport time series during 1993, especially during winter (r = 0.78) and spring (r = 0.73, see Table 2 ). Positive polarities of LRT2 occur at intervals a few weeks apart, generally coinciding with enhanced transpacific transport. Table 2 summarizes the seasonal correlations between the two time series for the entire 10-year simulation, showing pronounced positive correlations in all seasons, particularly in winter and spring when LRT2 captures 25% (r = 0.50) and 32% (r = 0.57) of the variance in transpacific transport, respectively. There is significant year-to-year variability in the strength of the correlation. The lower predictive skill of LRT2 during summer (r = 0.29, Table 2 ) reflects less large scale organization of the circulation.
[25] Are polarities of enhanced transpacific transport associated with above-normal Asian outflow? We do not find any significant correlation between LRT1 and LRT2 (r = 0.13). This suggests that transpacific transport is mostly dependent on local conditions in the central and eastern Pacific and independent of the variability in Asian outflow. Indeed, the pool of Asian pollution in the western Pacific is constantly being replenished by the passage of frequent mid-latitude cyclones (every 2 -10 days, Figure 2 ), but efficient transpacific transport of this pollution takes place only when rapid zonal flow occurs in the central and eastern Pacific, which varies on a week-to-week time scale (Figure 6 ).
Index for Interannual Variability in Transpacific Transport
[26] We now extend our analysis to examine the variability of transpacific transport on monthly to interannual timescales. We represent transpacific transport by taking Figure 7 ). This region is chosen because it displays maximum monthly and interannual variability in Asian influence. We then calculate the percentage change relative to the 10-year monthly mean climatology to obtain the monthly transpacific transport time series. We focus only on spring and winter seasons (December-May), when transpacific transport is strongest.
[27] The correlation map between the monthly transpacific transport and SLP anomaly time series (Figure 7) shows a dipole-like pattern with a positive pole (r = 0.5) over the NE Pacific and a negative pole over southern Alaska (r = À0.5). This indicates that a stronger than normal Aleutian Low and Pacific High favor enhanced import of Asian emissions to North America. This pattern is consistent with the results of Liu et al. [2005] , who examined the interannual variability in transpacific transport of various tracers.
[28] We thus develop a third transport index, LRT3, using weighted SLP anomalies in the North Pacific (149°E-124°W, 0-76°N, black box in Figure 9 , n = 1054). where r i is the correlation coefficient between local SLP anomalies, DP i , and the monthly transpacific transport time series, and s is the standard deviation of the numerator. For this index, we choose to weight SLP anomalies over a broad region instead of averaging localized SLP anomalies (as for LRT1 and LRT2) because this approach captures better the location shifts of the Aleutian Low and Pacific High, which are highly variable on monthly timescales.
[29] The composite analysis for LRT3 + shows that enhanced transpacific transport is characterized by a stronger than normal meridional pressure gradient and thus by enhanced westerly flow over 35-55°N in the central North Pacific (Figure 8a ). Meteorological features in the middle troposphere, shown on Figure 8c , include an increased meridional gradient in geopotential height, a stronger jet with the jet core (winds exceeding 20 m/s) extending from the coast of East Asia to 140°W, and pronounced ridging over the US west coast. Figures 8b and 8d show that reduced transpacific transport is characterized by a weaker than normal contrast between the Aleutian Low and Pacific High (and thus a weaker westerly flow) and a jet confined within the northwest (NW) Pacific. The composite difference in Asian CO columns between strongly positive and negative polarities of LRT3 shows a redistribution of CO during enhanced long-range transport: stronger westerly flow results in decreasing CO over the NW Pacific and increasing CO in the NE Pacific (Figure 8e) . Most of the increase in the NE Pacific is localized between 20-40°N, indicating that this is the region most sensitive to changes in LRT3.
[30] Figure 9 shows LRT3 and transpacific transport time series for 1992 -2002. LRT3 captures 42% of the monthly variance in transpacific transport (r = 0.65). In addition to large monthly variations, LRT3 also displays a large interannual variability and accounts for 55% of the interannual variance in transpacific transport (r = 0.74). The years 1992 -1996 and 2002 were characterized by below average transpacific transport, while 1998 -2000 had unusually strong transpacific transport (10-20% stronger than the 10-year climatology).
[31] The differences in our definition of indices for daily (LRT2) and interannual (LRT3) variations in transpacific transport reflect different controlling factors on these two timescales. LRT2 captures variability in the strength of the Pacific High (Figure 4) , while LRT3 is dominated by variations in the Aleutian Low as well as in the Pacific High (Figure 7) . However, during winter and spring, monthly anomalies in the Aleutian Low are twice as large as anomalies in the Pacific High, and thus the Aleutian Low dominates the variability in LRT3. Using LRT2 on monthly timescales leads to a weaker correlation with our interannual transpacific transport time series (r = 0.27) compared to LRT3 (r = 0.65).
[32] We extend the time series of LRT3 to the entire period with available NCEP data, 1948 NCEP data, -2004 (Figure 10 , top panel). Superimposed on high frequency variations with a timescale of 2 -3 years, LRT3 displays variability on decadal timescales. The 56-year long LRT3 time series is well correlated (r = 0.69) with the PNA index (Figure 10 , bottom panel, http://tao.atmos.washington.edu/data_sets/ pna), the leading mode of month-to-month variability over the Pacific sector [Wallace and Gutzler, 1981] . The Pacific/ North American pattern includes a north-south seesaw in the central Pacific and the corresponding PNA index is defined as the combination of 500 hPa height anomalies at four centers of action, two of which are over the central and northern Pacific (similar to our LRT3 definition), with two others over Northern Canada and the SE United States, respectively [Wallace and Gutzler, 1981] . Positive polarities of PNA are characterized by a deep Aleutian low and [33] There appears to be a trend with more persistent negative LRT3 and PNA time periods in the first half of the record (1948 -1976) , with a shift to more positive values since 1977, possibly linked to changes in the Pacific Decadal Oscillation Mantua et al., 1997] .
[34] We find no significant correlation (r = 0.05) between our LRT3 time series and the Southern Oscillation (SO) index (http://www.cgd.ucar.edu/cas/catalog/climind/ soi.html), as previously noted by Forster et al. [2004] in their analysis of interannual variability in transpacific transport. We explain this lack of correlation by the fact that SO and PNA are two orthogonal modes of interannual variability over the North Pacific [Quadrelli and Wallace, 2004] : SO displays an East-West dipole pattern, while PNA is characterized by a North-South pattern of variability in SLP.
Summary
[35] We have examined the variability of Asian outflow and its transpacific transport with a 10-year CO simulation (1992 -2002) using the GEOS-CHEM global model of tropospheric chemistry. Correlation maps between an Asian pollution tracer and sea-level pressure (SLP) fields revealed strong patterns of variability on daily to interannual timescales. We used these patterns to define meteorological indices for Asian outflow and transpacific transport.
[36] We find that Asian outflow to the western Pacific is negatively correlated with SLP anomalies over NE China, a major region of cyclogenesis. An index, LRT1, based on pressure anomalies in East Asia (124°-136°E, 39°-56°N) captures 14-22% of the variability in the outflow, highlighting the dominant role of mid-latitude cyclones in controlling synoptic scale variations in export of Asia pollution. Surface CO observations along the Asian Pacific Rim confirm the skill of LRT1 in representing variability in Asian outflow on the day-to-day timescale.
[37] Transpacific transport to the NE Pacific shows a strong positive correlation with SLP anomalies in the NE Pacific. We formed a second index, LRT2, based on pressure anomalies in that region (136°E-161°W, 21 -36°N). LRT2 captures 25-32% of the day-to-day variations in transpacific transport. Positive polarities of LRT2 are characterized by strong zonal flow associated with a strong Pacific High displaced to the west of 140°W and a strong low over Alaska.
[38] There is no significant correlation between LRT1 and LRT2, suggesting that the variability in transpacific transport is independent of the variability in Asian outflow. Indeed, Asian pollution in the western Pacific is constantly being replenished by frequent mid-latitude cyclones (varying on day-to-day timescales), but efficient transpacific transport of this pollution only occurs when rapid zonal flow connects the western Pacific to the eastern Pacific (varying on week-to-week timescales).
[39] Intraseasonal and interannual variations in transpacific transport are related to the relative strengths of the Aleutian Low and the Pacific High. We defined a long-term variation predictor, LRT3, which is formed based on SLP anomalies in the North Pacific during winter-spring (149°E -124°W, 0-76°N). LRT3 captures 42% and 55% of the monthly and interannual variability in transpacific transport, respectively. The combination of a strong Aleutian Low and Pacific High favors transpacific transport by allowing unimpeded transport across the entire Pacific. Transpacific transport was unusually strong between 1998 and 2000.
[40] There appears to be decadal variability in LRT3 over the past 56 years, with below-average transpacific transport from 1948 to 1976 and above-normal transport since then. The leading mode of month-to-month variability over the Pacific sector, the Pacific/North American (PNA) index, explains 48% of the monthly variations in wintertime and springtime LRT3. In a similar manner, the leading mode of climatic variability over the Atlantic sector, the North Atlantic Oscillation (NAO) [Hurrell, 1995] explains a large fraction of the intraseasonal and interannual variability in the transport of North American pollutants across the Atlantic [Li et al., 2002; Eckhardt et al., 2004; Duncan and Bey, 2004] . We find no correlation between LRT3 and the Southern Oscillation (SO) index, which is consistent with the orthogonality between the SO and the PNA patterns. 
